We used an analytical color fluorescence electron m i a m p e to observe cathodoluminescence (CL) in the corpus luteum of rat. CL was emitted from lipid droplets and has a typical spectrum of two peaks at wavelengths of 320 and 430 nm. The intensity of CL at 320 nm (CL320) in the corpus luteum showed a regular change during an estrous cycle: it was very weak at the newly formed stage, gradually increased, reached the maximum at diestrus 2, and then began to diminish at proestrus except in the patches of degenerated cells. CL320 decreased during early stages of pregnancy or after prolonged treatment with 4-aminopyrazolo-pyrimidine;
Introduction
Cathodoluminescence (CL) is a light that emits when substances are bombarded with an electron beam. It consists of the visible, ultraviolet, and infrared regions, and has characteristics similar to the fluorescence and phosphorescence elicited by uv rays. Since the spectrum of CL reflects chemical bonds, it must contain information that cannot be obtained by other methods. In fact, CL has been used for analysis of various materials, including diamonds (24). However, the application of CL in biomedical fields has been considered difficult because CL emitting from biological specimens is weak and rapidly bleaches under a high-energy electron beam (beam effect) (8) .
We have developed an analytical color fluorescence electron microscope which was designed to overcome the difficulty; a cryostage was used to hold specimens to reduce the beam effect. With this microscope, color and monochromatic CL images, as well as the conventional scanning electron microscopic (SEM) image, can be Supported by a grant-in-aid for Developmental Scientific Research from the Ministry of Education, Science and Culture, Japanese Government, no. 08170002. Correspondence to: Gang Ning, Dept. of Anatomy, Faculty of Medicine, Kyoto University, Konoe-cho. Yoshida, Sakyo-ku, Kyoto 606, Japan. the luteal cells of luteinized ovary 2 hr after intravenous injection of 10 IU luteinizing hormone, CL was barely detected. CL320 in interstitial cells was also weak in the rats hypophysectomized and then treated with pregnant mare's serum gonadotropin, and in the 4-aminopyrazolo-pyrimidinetreated rats, although it has little change through a natural estrous cycle. The results are consistent with the assumption that the content of cholesterol ester is reflected by the intensity of CL320 emitted from the lipid droplets of rat luteal cells. The possibility was shown that the condition of steroidogenesis can be monitored through CL analysis by microscopy. ( observed for a specimen and, moreover, the CL spectrum can be recorded. We have examined the CL image of the ovary, retina, and adrenal cortex of the rat (14, 19, (21) (22) (23) . In these tissues, we found that lipid droplets (LDs) emit CL of blue-green color ranging from 280 to 550 nm in wavelength, with two peaks at 320 nm and 430 nm. We further showed that vitamin A ester and cholesterol ester stored in the LDs are responsible for CL in the retina and adrenal cortex of rat, respectively.
In the present study, we examined corpora lutea of rats under various hormonal conditions in which the lipid content has been studied in detail; our aim was to correlate the intensity of CL with the cholesterol ester content of the ovaries. Rats in estrous cycle, pregnant rats, rats treated with 4-aminopyrazolo-pyrimidine (APP), hypophysectomized rats treated with pregnant mare's serum gonadotropin (PMSG), and luteinized rats treated with luteinizing hormone (LH) were examined. As a result, we found that the CL intensity of LDs actually reflects the cholesterol ester content.
Materials and Methods
Animals. Adult female Wistar rats were maintained in an air conditioned room on a 1ight:dark schedule of 14:lO hr, fed with a laboratory diet and water ad libitum. Vaginal smears were prepared each morning for 2 weeks before each experiment, and only animals that exhibited regular NING, FUJIMCYIO, KOIKE, OGAWA 4-day estrous cycles were used. Each experimental group consisted of at least five rats.
Stages of the estrous cycle were determined by vaginal smears and the ovaries were removed at each stage of the estrous cycle, e.g., proestrus, estrus, and the first and second day of diestrus. For the gestation study, 7-day pregnant rats were examined. Some animals received a daily IP injection of 5 mglkg of 4-aminopyrazolo-pyrimidine (APP) (Sigma; St Louis, MO) dissolved in 0.5 ml dimethylsulfoxide for 5 days, and controls were injected with an equal amount of the vehicle alone.
Hypophysectomy was performed at 10-12 weeks of age by a transauricular approach. Ten days after hypophysectomy, the animals were given a single sc injection of 50 IU pregnant mare's serum gonadotropin (PMSG) (UCB Bioproducts; Olen, Belgium) in 0.1 ml saline. Controls were administered an equal volume of the vehicle. The animals were sacrificed 48 hr after the injection. After the ovaries were removed, the sella turcica was checked to confirm the result of hypophysectomy.
Luteinized rats were made by sc administration of 50 IU PMSG in 0.2 ml saline at 25 days of age, followed by 25 IU human chorionic gonadotropin (UCB Bioproducts) in 0.2 ml saline given sc 60-65 hr later. Five to 7 days later, the ovaries were examined before or 2 hr after an IV injection of 10 IU human luteinizing hormone (hLH) (UCB Bioproducts).
Tissue Preparation. Tissues were processed as described previously (21) . Briefly, animals were sacrificed by decapitation and the ovaries were rapidly removed. The organ was cut into small blocks under a stereoscope, attached to metal tips, and rapidly frozen by liquid propane cooled with liquid nitrogen. The specimens were cut by a Reichert ultracryomicrotome at -100°C to obtain a flat surface.
Instrument and Observation. The analytical color fluorescence electron microscope was constructed based on a scanning electron microscope (SEM, 1.51-DS 130; Akashi Beam Technology, Tokyo, Japan), and contains a set of three combined ellipsoidal mirrors for collecting CL, a spectrometric multichannel analyzer (Princeton Instruments; Princeton, NJ) and its controller for detecting the CL spectrum, and a cryostage to minimize the beam effect. Detailed information about the instrument was described previously (21) .
Specimens were set on the cryostage pre-cooled with liquid nitrogen and observed under a low voltage of 6-9 kV. After a thin coating with gold inside the column. the secondary electron images were gained. Photographs were taken with 4 x 5-inch Polaroid 5 5 film.
Results

CL in Corpora Lutea of Cycling and Pregnant Rat
The analysis of CL spectra showed that CL emitted from the rat ovary ranged from 280 nm to 550 nm, with two peaks at 320 nm and 430 nm ( Figure 1 ). There was no remarkable difference of spectral pattern between the rats in an estrous cycle and those treated with APP, except for the amplitude and width of the two CL peaks. CL at 320 nm (CL320) faded more rapidly under the electron beam than did CL at 430 nm (CL430).
In the rat ovary, blue-green CL was detected in cells of corpus luteum, interstitial tissues, theca interna, and occasionally in the membrana granulosa ( Figure 2 ). By comparing with the SEM image, CL was found to be emitted from LDs in luteal cells (Figure 3) .
The monochromatic CL images of various groups were obtained for both CL320 and CL430. At estrus, CL was barely observed except in the peripheral part of the newly formed corpus luteum (Figures 4a and 4b) ; at diestrus 1, intensity of both CL320 and CL430 increased uniformly throughout the corpus luteum (Figures 4c and 4d); at diestrus 2, CL320 became more intense than at the previous stage and appeared far stronger than CL430, which remained weak (Figures 4e and 4f) ; eventually, at proestrus, CL was distributed in an uneven manner. CL320 was observed in the degenerating cells in which large LDs increased in number, whereas in other places it decreased compared with the preceding stage (Figures 4g and  4h ). CL320 in corpus luteum persisted strongly throughout the second estrous cycle, and then gradually diminished. Little CL was observed in the corpus albicans.
In 7-day pregnant rats, CL320 in the pregnant corpus luteum was weaker than in that of normal diestrus 1 (Figures 5a and 5b) . The SEM images demonstrated that only a few small LDs exist in the luteal cells of 7-day pregnant rat ovary ( Figure 5c ).
CL in Corpora Lutea of Rats Treated with Various Drugs
APP is known to cause hypocholesterolemia (1, 17, 20) . In the APPtreated group, both CL320 and CL430 in the luteal cells apparently decreased in strength, and the former was no longer detectable in some cases ( Figure 6 ). The decrease of CL320 intensity was also observed in interstitial cells. The control animals showed no obvious change.
The rat ovaries 10 days after hypophysectomy were apparently atrophic, and CL in the degenerating corpus luteum was seen unevenly. Many spots emitting both CL320 and CL430 were scattered in the corpus luteum. Large granules in the central portion of the corpus luteum were found to emit strong CL320 and only weak CL430 (Figures 7a and 7b ). Comparing the monochromatic CL images with corresponding SEM ones, it became apparent that the smaller and bright CLemitting granules in the subcentral or peripheral portion of corpu luteum were dense LDs, whereas the larger granules emitting strong CL320 in the central part of corpus luteum were formed by the accumulation of many smaller LDs in cells undergoing fatty degeneration (Figures 7a-7c ). Both CL320 and CL430 were intense in the interstitial tissues of hypophysectomized rats (Figures 7d and 7e ). After administration of PMSG, CL430 was detected as many small spots scattered in the corpus luteum, while CL320 was no longer detectable (Figures 7f and 7g) .
The SEM images revealed that CLemitting LDs were much smaller than in the untreated hypophysectomized animals. CL in the interstitial tissues was diminished compared with control groups (arrowheads in Figures 7f and 7g ).
The luteinized ovaries were remarkably hypertropic. CL was detected from luteal cells of corpus luteum (Figures 8a and 8b) . The SEM images of corpus luteum revealed that the L D s in the luteinized cells were nearly of equal size and existed in almost all the cells. Two hours after LH treatment, CL320 disappeared in the corpus luteum of rats, whereas CL430 remained (Figures 8c and 8d) . The L D s in those cells were smaller and less common than in the control group.
All the above results are summarized in Eble 1.
Discussion
The Schultz reaction has been used to detect cholesterol and its derivatives histochemically. However, application of the method has . (g,h) Proestrus. CL320 appears more densely than CL430 in some regressed cells of corpus luteum (large arrowheads), but weaker in other cells (small arrowheads). Original magnification x 300. Bar = 30 pm. been limited to light microscopy because the reaction must be carried out in a strong acidic condition, which destroys the cell ultrastructure. In an attempt to establish a new method to examine the metabolism of steroids, we used an analytical color fluorescence electron microscope to analyze CL from several organs of the rat, and we found that the CL of about 320 nm in wavelength is most likely derived from cholesterol ester stored in the LDs of the adrenal cortex (22) . In the present study, we investigated CL from corpora lutea of cycling and pregnant rats and those after various treatments to examine whether the above assumption is correct. We observed that in the cycling corpus luteum, CL320 was very weak at the newly formed stage, gradually increased, reached the maximum at diestrus 2, and then began to diminish at proestrus, except in patches of degenerated cells. These results were similar to an earlier study based on the use of the Schultz reaction (9) and probably reflect the condition of steroidogenesis of luteal cells at an estrous stage. Unlike other spontaneously ovulating mammals, the estrous cycle of the laboratory rat is unique in that it has a brief, albeit inactive, luteal phase, while the corpora lutea are functionally defective and rapidly degenerated in a few days; large amounts of cholesterol are known to be contained in the LDs of the degenerating luteal cells (3.25) . On the other hand, when the animals become pregnant. gonadotropin secreted by the pituitary gland helps the corpora lutea to persist for a number of days, approximating a typical mammalian luteal phase; the hormone causes a discharge of progesterone and the cholesterol content in the cell is reduced (10, 16, 25) . The weak CL320 in 7-day pregnant corpus luteum indicates that it reflects the amount of cholesterol content in the LD. CL320 in luteal cells of the LH-treated luteinized rat was much weaker than that in the natural estrous cycle or before LH treatment, and was barely detected. Cholesterol esterase is known to be activated by gonadotropin in the luteinized ovarian tissue of rat (2) . Since cholesterol esterase hydrolyzes cholesterol ester into cholesterol and fatty acid, the content of cholesterol ester is reduced in luteal cells of the LH-treated luteinized rat. Moreover, P-45OsCc, an element of the cytochrome P-450 enzyme system, which catalyzes the conversion of cholesterol to pregnenolone at the inner mitochondrial membrane, changes its level after LH treatment and pregnancy (15, 16, 26) . Activation of this enzyme system leads to an increase of ovarian steroid hormone secretion (1 1-13J5.26). These facts also suggest an intimate relationship between the intensity of CL320 and the content of cholesterol ester.
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Hypophysectomy causes a regression of ovarian tissues and cholesterol becomes accumulated in the steroidogenic cells (6.18) . It was reported that PMSG or LH replacement therapy could rescue the steroidogenic function of corpus luteum and reduce the intracellular LDs of interstitial cells (4.5). In the present study, CL320 observed in the PMSG-treated and control hypophysectomized rat ovaries showed changes corresponding to the predicted content of cholesterol, which provided more evidence that CL320 is derived from cholesterol ester. The difference of the CL pattern between large granules in the cells located in the center of the corpus luteum and small granules in the subcentral and peripheral portion may be due to their chemical heterogeneity.
APP, a purine analogue, is reported to induce hypocholesterolemia by inhibiting release of liver lipoproteins and decreasing the I I I Obscrvcd only in the cdge of corpus luteum. (1,17,20) . It was also reported that the administration of APP reduces the serum and ovarian progesterone levels in pregnant and normal rats (7, 20) , and that it decreases not only the volume and number of LD but also the esterified cholesterol content in the rat adrenal cortex (lJ7). Since most of the cholesterol used for ovarian steroidogenesis is derived from circulating lipoprotein cholesterol (7,27,28), cholesterol content in the tissue must be reduced significantly after prolonged treatment with APP.
level of circulating cholesterol
On the basis of the above assumption, the disappearance of CL320 is a reasonable result. All of the above results are consistent with the assumption that cholesterol ester is a major source of CL320 emitted from LDs of ovarian cells, although the possibility remains that other compounds may contribute to its generation. On the other hand, the origin of CL430 remained obscure. We previously reported that esterified retinoids emit CL at 445 nm (CL445) in the rat retina, but the relationship between CL320 and CL445 was not clarified (21). We examined the ovaries of adult rats fed with a vitamin A-deficient diet for more than 3 months, which resulted in cessation of ovulation, but there was no remarkable change of CL445 in luteal cells (data not shown). Nevertheless, we observed in this study that the peak of CL320 was sharper and higher than that of CL430. This result may indicate that CL430 obtained from the steroidogenic cell is derived from a mixture of several lipids that may be minor components in the tissue.
The present study demonstrated that CL320 detected by the analytical color fluorescence electron microscope most likely reflects distribution of cholesterol ester. CL ranging from 280 to 550 nm in wavelength could provide information that cannot be easily obtained by other cytochemical and biochemical techniques.
